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DEVICES, SYSTEMS, AND METHODS FOR
3D PRINTING

BACKGROUND OF THE INVENTION

The 3D printing toolbox of technologies includes two
predominant method types: a continuous method, 1n which
material 1s continuously deposited (such as fused deposition
modeling (FDM) or Direct Energy Deposition (DED)) and
an intermittent method i which a layer i1s itermittently
processed and recoated layer by layer (such as selective laser
meltmg (SLM) and Binder Jet printing). Each process diflers
in speed, scale (size), and/or accuracy (repeatability, detail).

For example, SLM processes allow for high density metal
parts to be made 1n high detail, but at low speeds and with
the aid of support structures that allow for geometric repeat-
ability. Material in a powder format 1s usually chosen as the
process media. Powder which when stationary and made to
the desired characteristics allows for accurate weld pools to
be formed, and the size of which along with energy delivery
dictates the detail to which parts can be printed. The energy
density 1s also a limiting factor as the media could be pushed
away by rapidly expanding gases, resulting in process
defects or 1rregularities.

Continuous 3D printing methods allow for great speed
and size but lack detail as material that 1s solid needs to be
made molten or liquid to be continuously deposited. Other
continuous methods take powder media and blast 1t at a weld
pool so as to avoid using solid media. Due to the variability
in how material 1s deposited, the process results 1n lower
detail or repeatability as compared to intermittent processes.

For both processes, energy delivery and media may
present challenges. For example, aluminum and titanium
alloys 1n a powder format may be pyrophoric, and media less
than 10 um 1n size may be dangerous to a person’s health.
To mitigate the compounding risk attributed to powder
media, more auxiliary hardware 1s needed to manage and
handle the printing media, resulting in the need for more
equipment. Power delivery systems, which most often con-
sist of 1neflicient laser delivery, require costly delivery
control systems which add to the overall cost of the system.
For certain processes, printing the final part 1s not the last
step as the part would need to go through various post
processing 1n order for 1t to have the desired metallurgical
composition or physical properties. Again, more auxiliary
equipment 1s needed.

Process environmental control 1s of absolute importance
as some materials have a high aflinity for impurities, such as
oxygen and nitrogen, and other media require the right
moisture-gas composition in order to maintain a repeatable
pProcess.

Accordingly, there 1s a need for new devices, systems, and
methods for 3D printing.

SUMMARY OF THE

INVENTION

In one aspect, the mnvention provides a device for printing,
including a build chamber capable of holding a slurry; an
energy source; and a base. At least one of the energy source
and the base 1s coupled to a motion system to allow relative
movement of the energy source with respect to the base in
the build chamber.

In embodiments, the energy source includes one or more
clectrodes; a plasma source; a {fissile or radioactive energy
source; a particle beam source; a microwave source; a
resistive heating source; a kinetic energy source; a iriction
source; a light source; an RF (Radio Frequency) source; an
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acoustic or ultrasonic source; a direct heat source; an organic
stimuli energy source; a catalytic energy source; a magnetic
energy source; an 0smosis energy source; or a combination
thereof. In embodiments, the slurry includes a carrier fluid
that 1s a 11qu1d Alternatively, the slurry includes a carrier
fluid that 1s a gas. In embodiments, the device further
includes a reservoir for the slurry. In embodiments, the
energy source comprises a deposition point and a lumen
disposed to deliver slurry to the deposition point. In embodi-
ments, the device further includes an agitator or mixer
operably connected to the build chamber and/or a tempera-
ture, pressure, or humidity controller. In embodiments, the
energy source includes a laser and an optical tube, and light
from the laser exits via the optical tube and melts particles
in the slurry to provide a weld pool. The device may further
include a probe positionable to contact the weld pool.

In embodiments, the light source includes a UV light
and/or one or more LEDs, where each LED has an efliciency
of at least 40 Im/W. In embodiments, the device further
includes a second lumen disposed to remove excess slurry
from the deposition point. In embodiments, the one or more
electrodes includes an arc electrode. In embodiments, the
slurry includes conductive particles in a dielectric liquid. In
embodiments, the slurry includes a liquid like solid emul-
sion. In embodiments, the one or more electrodes includes
first and second electrodes, where the second electrode 1s
configured to direct a flow of current between the first
clectrode and the base and/or to provide a source of sacri-
ficial 1ons. In embodiments, the lumen 1s configured to be
re-sizeable or replaceable during printing. In embodiments,
the device further includes a plurality of energy sources
configured to be changed during printing. In embodiments,
the energy source includes a two-dimensional or three-
dimensional matrix imncluding a plurality of light sources. In
embodiments, the slurry includes biological particles and the
energy source 1s configured to stimulate deposition of the
biological particles by selective scarring or fibrosis. In
embodiments, the magnetic energy source 1s configured to
direct particles or solute to the base for deposition by another
energy source. In embodiments, the slurry includes two or
more materials that fuse. In embodiments, the energy source
includes a deposition point and a lumen disposed to deliver
a gas tlow to the deposition point. In embodiments, the
energy source includes a non-conductive shroud around the
deposition point. In embodiments, the gas flow 1s configured
to protect the deposition point and/or to shape the slurry at
the deposition point. In embodiments, the gas flow 1s con-
figured to create an optically transparent low friction inter-
face between the base and/or slurry and the energy source.
In embodiments, the energy source includes a deposition
point mcluding a seeding sample of one or more of the
particles or solutes in the slurry. In embodiments, the depo-
sition point includes a material with higher electrical and/or
thermal conductivity than the slurry. In embodiments, the
energy source includes a sacrificial material configured to
provide 1ons to the slurry. In embodiments, the slurry
includes both particles and a solute and the particles are
configured to deposit when the solute 1s deposﬂed In
embodiments, the solute includes a UV-curable resin. In
embodiments, the slurry includes a solute configured to
produce particles. In embodiments, the build chamber
includes a movable bath for the slurry and the energy source,
where the base 1s held above the bath, and the bath and base
are movable relative to each other. In embodiments, the
energy source includes a light source with a mask layer. In
embodiments, the slurry includes an abrasive. In embodi-
ments, the energy source includes a fissile material and one
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or more {ission modulating control rods. In embodiments,
the energy source comprises a deposition point 1n which the
fissile material and control rods are disposed and wherein
the deposition point comprises a cover configured to with-
stand heat and radiation while transmitting heat to the slurry.

Another aspect of the invention provides a device for
printing including an energy source; a continuously movable
base; and a slurry source positioned to deliver a slurry
including particles or a solute 1n a carrier fluid to the base.

In embodiments, the continuously movable base 1s con-
figured to have adjustable speed during printing. In embodi-
ments, the inlet 1s configured to provide the slurry at a rate
that 1s pre-determined and/or the rate i1s adjustable during
printing. In embodiments, the device further includes an
outlet for recovery and recycling of excess slurry. In
embodiments, the energy source 1s movable during printing.

In an aspect, the mvention provides a system for printing
including a build chamber capable of holding a slurry; an
energy source; a base; and a slurry including particles or a
solute 1n a carrier tluid. At least one of the energy source and
the base 1s coupled to a motion system to allow relative
movement of the energy source with respect to the base in
the build chamber. The actuation of the energy source results
in deposition of the particles or a solute to produce a printed
object.

In embodiments, the energy source includes one or more
clectrodes; a plasma source; a fissile or radioactive energy
source; a particle beam source; a microwave source; a
resistive heating source; a kinetic energy source; a friction
source; a light source; an RF (Radio Frequency) source; an
acoustic or ultrasonic source; a direct heat source; an organic
stimuli energy source; a catalytic energy source; a magnetic
energy source; an 0smosis energy source; or a combination
thereol. In embodiments, the slurry includes a carrier fluid
that 1s a liquid. Alternatively, the slurry includes a carrier
fluid that 1s a gas. In embodiments, the system further
includes a reservoir for the slurry. In embodiments, the
energy source includes a deposition point and a lumen
disposed to deliver slurry to the deposition point. In embodi-
ments, the system further includes an agitator or mixer
operably connected to the build chamber and/or a tempera-
ture, pressure, or humidity controller. In embodiments, the
particles include metal, polymer, glass, or biological mate-
rial. In embodiments, the energy source includes a laser and
an optical tube, and light from the laser exits via the optical
tube and melts particles 1n the slurry to provide a weld pool.
The system may further include a probe positionable to
contact the weld pool.

In embodiments, the light source includes a UV light
and/or one or more LEDs, where each LED has an efliciency
of at least 40 Im/W. In embodiments, the device of the
system further includes a second lumen disposed to remove
excess slurry from the deposition point. In embodiments, the
one or more electrodes includes an arc electrode. In embodi-
ments, the slurry includes conductive particles 1n a dielectric
liquid. In embodiments, the slurry includes a liquad like solid
emulsion. In embodiments, the one or more electrodes
includes first and second electrodes, where the second
clectrode 1s configured to direct a flow of current between
the first electrode and the base and/or to provide a source of
sacrificial 1ons. In embodiments, the lumen 1s configured to
be re-sizeable or replaceable during printing. In embodi-
ments, the device of the system further includes a plurality
of energy sources configured to be changed during printing.
In embodiments, the energy source includes a two-dimen-
sional or three-dimensional matrix including a plurality of
light sources. In embodiments, the slurry includes biological
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particles and the energy source 1s configured to stimulate
deposition of the biological particles by selective scarring or
fibrosis. In embodiments, the magnetic energy source 1s
configured to direct particles or a solute to the base for
deposition by another energy source. In embodiments, the
slurry 1ncludes two or more materials that fuse. In embodi-
ments, the energy source includes a deposition point and a
lumen disposed to deliver a gas tlow to the deposition point.
In embodiments, the energy source includes a non-conduc-
tive shroud around the deposition point. In embodiments, the
gas flow 1s configured to protect the deposition point and/or
to shape the slurry at the deposition point. In embodiments,
the gas flow 1s configured to create an optically transparent
low friction intertace between the base and/or slurry and the
energy source. In embodiments, the energy source includes
a deposition point including a seeding sample of one or more
of the particles or solutes 1n the slurry. In embodiments, the
deposition point includes a material with higher electrical
and/or thermal conductivity than the slurry. In embodiments,
the energy source includes a sacrificial material configured
to provide 1ons to the slurry. In embodiments, the slurry
includes both particles and a solute and the particles are
configured to deposit when the solute 1s deposited. In
embodiments, the solute includes a UV-curable resin. In
embodiments, the slurry includes a solute configured to
produce particles. In embodiments, the build chamber
includes a movable bath for the slurry and the energy source,
where the base 1s held above the bath, and the bath and base
are movable relative to each other. In embodiments, the
energy source includes a light source with a mask layer. In
embodiments, the slurry includes an abrasive. In embodi-
ments, the energy source includes a fissile material and one
or more fission modulating control rods. In embodiments,
the energy source comprises a deposition point in which the
fissile material and control rods are disposed and wherein
the deposition point comprises a cover configured to with-
stand heat and radiation while transmitting heat to the slurry.

Another aspect of the mvention provides a system for
printing including (a) an energy source, (b) a continuously
movable base, (¢) a slurry icluding particles or a solute 1n
a carrier tluid; and (d) a slurry source positioned to deliver
the slurry to the base.

In embodiments, the continuously movable base 1s con-
figured to have adjustable speed during printing. In embodi-
ments, the inlet 1s configured to provide the slurry at a rate
that 1s pre-determined and/or the rate 1s adjustable during
printing. In embodiments, the system further includes an
outlet for recovery and recycling of excess slurry. In
embodiments, the energy source 1s movable during printing.

In an aspect, the mvention provides a method for printing,
by providing a printer including a build chamber capable of
holding a slurry; an energy source; a base; and a slurry
including particles or a solute 1n a carrier fluid disposed 1n
the build chamber so that the energy source 1s located 1n the
slurry; positioning the energy source relative to the base at
a desired location in the build chamber; and actuating the
energy source to deposit particles or a solute on the base or
an object coupled to the base to produce a printed object.

In embodiments, the particles or solute are evenly sus-
pended or dissolved in the slurry. In embodiments, the
carrier fluid 1s a liquid. Alternatively, the carner fluid 1s a
gas. In embodiments, the slurry contains particles that settle
within the slurry to create a boundary layer with the carrier
fluid. In embodiments, the energy source includes one or
more electrodes; a plasma source; a fissile or radioactive
energy source; a particle beam source; a microwave source;
a resistive heating source; a kinetic energy source; a friction
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source; a light source; an RF (Radio Frequency) source; an
acoustic or ultrasonic source; a direct heat source; an organic
stimuli energy source; a catalytic energy source; a magnetic
energy source; an 0smosis energy source; or a combination
thereol. In embodiments, the energy source includes a
deposition point and a lumen disposed to deliver slurry to the
deposition point. In embodiments, the particles include
metal, polymer, glass, or biological matenial. In embodi-
ments, the energy source includes a laser and an optical tube,
and light from the laser exits via the optical tube and melts
particles 1n the slurry to provide a weld pool.

In embodiments, the energy source further includes a
second lumen disposed to remove excess slurry from the
deposition point. In embodiments, the one or more elec-
trodes include an arc electrode. In embodiments, the slurry
includes conductive particles in a dielectric liqmd. In
embodiments, actuating the energy source 1n step (¢) occurs
at a voltage insuflicient for breakdown of the dielectric
liquid 1n the absence of the conductive particles. In embodi-
ments, the energy source comprises an electrode, the elec-
trode includes a metal, and the method further includes
supplying a voltage suflicient to cause 10ons of the metal to
clectroplate the printed object. In embodiments, the slurry
includes a liquid like solid emulsion. In embodiments, the
one or more electrodes includes first and second electrodes,
where the second electrode directs a flow of current between
the first electrode and the base and/or provides a source of
sacrificial 1ons. In embodiments, the lumen 1s re-sizeable or
replaceable during printing. In embodiments, the energy
source can be changed during printing. In embodiments, the
energy source includes a two-dimensional or three-dimen-
sional matrix including a plurality of light sources. In
embodiments, the slurry includes biological particles and
actuating the energy source stimulates deposition of the
biological particles by selective scarring or fibrosis. In
embodiments, the method further includes (d) removing the
slurry; and (e) sintering the printed object. In embodiments,
the magnetic energy source directs particles or a solute to the
base for deposition by another energy source. In embodi-
ments, the slurry includes two or more materials that fuse. In
embodiments, the energy source includes a deposition point
and a lumen disposed to deliver a gas flow to the deposition
point. In embodiments, the energy source includes a non-
conductive shroud around the deposition point. In embodi-
ments, the gas tlow 1s configured to protect the deposition
point and/or to shape the slurry at the deposition point during
step (¢). In embodiments, the gas tlow creates an optically
transparent low friction interface with the base and slurry. In
embodiments, the energy source includes a deposition point
including a seeding sample of one or more of the particles
or solutes 1n the slurry. In embodiments, the deposition point
includes a material with higher electrical and/or thermal
conductivity than the slurry. In embodiments, a sacrificial
material provides 1ons to the slurry in step (¢). In embodi-
ments, the slurry mcludes both particles and a solute and
deposition of the solute results 1n deposition of the particles.
In embodiments, the solute includes a UV-curable resin. In
embodiments, step (¢) includes providing additives to the
slurry during deposition. In embodiments, the energy source
1s used a first time to create a slurry from solutes, then a
second time deposit the slurry. In embodiments, the build
chamber 1ncludes a bath for the slurry and the energy source,
the base 1s held above the bath, and the bath and base are
movable relative to each other. In embodiments, the energy
source mcludes a light source with a mask layer. In embodi-
ments, the method further includes (d) removing the slurry;
and (e) using the energy source or a second energy source to
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remove deposited particles or solute from the printed object.
In embodiments, the method further includes (d) polishing

the printed object. In embodiments, step (d) includes adding
an abrasive to the slurry. In embodiments, polishing may be
performed using the energy source. In embodiments, the
energy source causes particles to deposit by resistive heating
in step (c¢). In embodiments, the slurry may include mineral
ore, interplanetary dust, regolith, mining tailings, and/or
slag. In embodiments, the energy source comprises a fissile
material and one or more fission modulating control rods. In
embodiments, the energy source includes a deposition point
in which the fissile material and control rods are disposed
and wherein the deposition point comprises a cover which
transmits heat from the fissile material to the slurry.

In embodiments, the method includes melting particles 1n
the slurry with the energy source to form a weld pool, e.g.,
in contact with the energy source or probe and the base or
the object coupled to the base, and manipulating the weld
pool, e.g., by re-positioning the energy source or probe while
maintaining contact with the weld pool.

Another aspect of the mvention provides a method for
printing including (a) providing a printer including; an
energy source; a continuously movable base; a slurry source
positioned to deliver a slurry including particles or a solute
in a carrier fluid to the base; (b) providing the slurry to the
continuously movable base and positioning the energy
source relative to the continuously movable base at a desired
location; and (c¢) actuating the energy source to deposit
particles or a solute on the continuously movable base or an
object coupled to the base.

In embodiments, the speed of the continuously movable
base 1s adjusted during printing. In embodiments, the energy
source 1s re-positioned relative to the continuously movable
base during printing. In embodiments, the slurry 1s provided
at a rate that 1s pre-determined and/or the rate 1s adjusted
during printing. In embodiments, excess slurry 1s recovered
and recycled. In embodiments, the method 1includes melting
particles in the slurry with the energy source to form a weld
pool, e.g., 1n contact with the energy source or probe and the
continuously movable base or the object coupled to the base.
In embodiments, the method further includes manipulating
the weld pool, e.g., by moving the energy source or probe
while maintaiming contact with the weld pool.

By “slurry” 1s meant a mixture or solution of printable
particles or a solute in a carrier fluid.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a scheme of a printer of the invention.

FIG. 2 1s a scheme of the motion system for a printer of
the 1nvention.

FIG. 3 1s a scheme of cold mounting of an object to a base.

FIG. 4 1s a scheme of the use of solidified slurry to retain
slurry 1n the build chamber.

FIG. 5 1s a diagram of process control for a printer of the
invention.

FIG. 6 1s a diagram of printing an object.

FIG. 7 1s a diagram of repairing an object.

FIG. 8 1s a diagram of an energy source for a printer.

FIG. 9 1s a photograph and scheme for components to
mount an energy source and determine its position.

FIG. 10 1s a scheme for submerged slurry printing using,
a liquid carrier flud.

FIG. 11 1s a scheme for submerged slurry printing using,
a gas liquid carrier.

FIG. 12 15 a scheme for printing at the boundary of settled
particles.
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FIG. 13 1s a diagram of an arc electrode 1 a slurry
containing conductive particles in a dielectric liquid.

FIG. 14 1s a diagram of an energy source including
multiple lumens for simultaneous delivery and removal of
slurry.

FIG. 15 1s a diagram of a printer including a continuously
movable base.

FIG. 16 1s a diagram of an energy source including two
clectrodes.

FIG. 17 1s a diagram of a printer with a movable bath that
includes the energy source.

FIG. 18 1s a diagram of an eclectrode energy source
including a lumen for supplying a gas flow to the deposition
point.

FIG. 19 1s a diagram of an energy source including a
seeding sample.

FIG. 20 1s a scheme for submerged slurry printing using,
a UV laser energy source and a gas cavity.

FI1G. 21 1s a diagram of an optical energy source including
a lumen for supplying a gas flow to the deposition point.

FI1G. 22 1s a diagram showing an ultrasonic energy source.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

The vention features 3D printing technology that
bridges the gap between continuous and intermittent pro-
cesses. This 1s achieved by utilizing a slurry, which provides
the printing medium with physical properties that it would
not have 1n either powder bulk format or solid stock. This
slurry allows for the energy delivery system to move freely
within 1t, e.g., submerged or continuously skimming a
surface of a fluidized slurry. The slurry will allow for an
omnipresent state of printing media to exist whereby print-
ing media will come into contact with the energy source. The
energy source can be intelligently switched and moved to a
desired location (so called voxel printing), so as to construct
a solid object additively by taking the print media out of the
slurry and depositing 1t. Allowing the energy delivery sys-
tem to be submerged in the slurry opens new possibilities of
higher energy eflicient processes. Resistive continuous weld
pool formation can now take on a 3D object, and likewise
laser delivery systems can be submerged, thereby removing
the need for focal planes and inetliciencies resulting from
scattered light. The fluid 1n the slurry may provide a desired
kinematic viscosity to the printing media. The fluid may also
provide process shielding, active or passive filtration,
desired 1omic states, or all the above during the printing
process, allowing for a more homogenous part with repeat-
able desired properties. Slurries may be chosen to become
solid at a desired temperature. The advantage of this 1s that
sensitive or pyrophoric media could be rendered passively
inert and can be handled without the need of respiratory/
advanced personal protection equipment. Likewise, the
media can be safely stored without the risk of contamination
to the printing media, reducing the overall risk posed by
powders before and after usage. Fluids may be made of
maternials that could be dissolved by common solvents, such
as but not limited to water, allowing for easy cleaming of the
final part. The slurry approach allows for unused media to be
“pumped” out of the build chamber into a repository so as
to reduce the need for post printing material handling
drastically. The slurry may thus be kept in a repository
within the system and would only need to be “topped” up as
the printing media 1s being consumed by the printing pro-
cess, ensuring that the printing media 1s kept at the desired
composition and purity when not 1n use.
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In particular, the invention provides devices, systems, and
methods for 3D printing. The mvention employs slurries of
particles or a solute 1n a carrier fluid, which may be a liquad
(e.g., water) or gas, 1n printing. The use of a slurry 1s
advantageous 1n allowing for printing in any orientation.
Further advantages include the ability to print sub-10 um
powder (including nanoparticles); improved process and
final part properties for parts printing with sub-20 um
powder; improved printing speeds at higher levels of detail
with no recoating time; process accuracy and final part detail
1s less limited by print media shape or size, as well as not
limited by the particle size distribution within the slurry;
sater handling of pyrophoric printing media; no requirement
for a shielding gas; improved life cycle uses of the printing
media, due to active passivation and shielding provided by
the carrier fluid during printing and passive passivation after
use; the ability to use room temperature solidification to
reduce the demand on storage conditions and containment;
ability for use 1n low gravity applications, as the slurry does
not have a dependency on gravity 1n order to “wet” the area
ol intended deposition; ability to carry out in situ material
thermal processing (such as tempering or annealing); and
ability to use a wide range of process temperatures (—100°
C. to +2000° C.). Printers of the invention may be used with
slurries containing nanoparticle or certain solutes (e.g.,
solutes for electrochemical deposition) to produce nanoscale
features, e.g., nanoprinting.

The mvention may be employed in any manner to print
3D objects. In particular, the invention 1s amenable to
orientation independent printing and component repair, €.g.,
component surfacing (removal or texturing), EDM (electro
discharge machining), electropolishing, slurry polishing,
laser ablation, and slurry ablation. The mvention may be
employed to print objects for any suitable purpose, e.g.,
aerospace, microscale and MEMS devices, and biotechnol-
ogy (such as scatlolds or components for use with biological
materials or objects made from biological materials).

Printers of the invention may be particularly amenable for
printing bulk metal glasses (e.g., metals with amorphous
atomic scale structure, e.g., metallic glass, e.g., glassy
metal).

Printers

Slurries may be employed in printing in a variety of ways.
In one aspect the printing occurs at locations submerged 1n
the slurry with suspended particles or a solute. In another
aspect, printing occurs at a defined boundary layer between
settled particles and the carrier fluid. An exemplary printer
1s shown schematically i FIG. 1.

The printers will include an energy source that results 1n
deposition of material from the particle or solute 1n the slurry
at a desired position, 1.e., creates a voxel at the desired
position (FIG. 2). The printer will also include a base, which
may be permanently attached, removable or have a remov-
able component attached to a permanent component, on
which the object 1s printed. The object may be attached to
the base by cold mounting (FIG. 3), in which localized
cooling results 1n solidification of slurry around the object,
holding 1t 1n place until heat 1s added for release. Other
methods of attachment 1include clamps and vices (mechani-
cal or vacuum). The printer can include one or more motion
systems, €.g., gantry, to position the energy source and/or
base for deposition ol voxels. The motion systems may
allow for the energy source and/or base to be oriented with
the desired degrees of freedom, typically at least two or
three, such as X, y, and z or equivalent coordinate system.
The motion systems may also provide six degrees of free-
dom, e.g., X, y, Z, roll, pitch, and yaw (or other coordinate
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system). When both the energy source and base are con-
nected to a motion system, they may have different degrees
of freedom that combine to provide the desired motion. The
energy source may include a matrix of individually control-
lable energy sources (e.g., high power LEDs, 1.¢., where a
single LED consumes at least 0.5 W, e.g., 1 W, 2 W, 3 W, 5
W, 8 W, 10 W, 15 W, 18 W or greater, or has an efliciency
of between 40 and 683 Im/W, e.g., between 40 and 300
Im/W, between 40 and 100 Im/W, or at least 50 Im/W, 100
Im/W, 200 Im/W, 300 Im/W, 400 Im/W, 500 Im/W, or 600
Im/W), allowing for multiple interactions with the slurry at
the same time. The energy source may include one or more
light focusing components (e.g., lenses, fiber optics, retlec-
tors, etc.) which concentrate power (e.g., from a matrix of
LEDs) at, e.g., a deposition point. An LED energy source
may output photonic energy to a region (e.g., the deposition
point) 1 the range of 100 W to 10 KW (e.g., between 100
W and 200 W, between 200 W and 1 KW, between 1 KW and
5 KW, between 5 KW and 10 KW, or at least 1 KW, 2 KW,
or 5 KW). Each of the matrix may include one, two, or more
degrees of freedom. A slurry may contain two types of
material that are deposited by two different wavelengths of
light or types of energy, e.g., a curable resin and a metal, and
the individually controllable matrix may be used to deposit
pure and composite portions i the same substrate. The
printer may also employ a mask, e.g., a pixelated dot matrix,
¢.g., a miniaturized liquid crystal display dot matrix coupled
to a UV laser (see, e.g., FIG. 20), through which the slurry
1s 1lluminated for deposition. A cavity of gas can be used to
provide a gap between the optical energy source and the
slurry, e.g., to allow free movement or reduce friction of the
energy source within the slurry (see, e.g., FIG. 20). The gas
cavity may also be used to shape the slurry 1n the area of
deposition (e.g., to make concave or convex) or displace
contaminants that may accumulate. A gas cavity can be used
to reduce heat transier to the surrounding slurry. The printer
can also include a build chamber capable of holding the
slurry, 1.e., being fluid (liquid and/or gas) and/or light tight.
The buld chamber will include a door or opening to allow
removal of the printed object. An opening may be at the top
of chamber. A door may be on any face of the chamber, e.g.,
the top or a side. The door 1s preferably sealable to prevent
leakage of the slurry, e.g., i1t located on the side. In one
embodiment, the build chamber 1s insulated and has a heat
removal device (e.g., heat sink or Peltier) that solidifies the
slurry 1mto a plug in an outlet (FIG. 4). By heating the
solidified plug, the slurry may be drained at an appropriate
time. A motion system may be provided to move the base
into or out of the build chamber. Additional components may
include inlets and outlets for the slurry. In one aspect, the
energy source includes a lumen for delivery of slurry to the
site of deposition. The energy source may include multiple
lumens for simultaneous delivery and removal of slurry (see,
¢.g., F1G. 14). The deposition point may be surrounded by
an outer shroud that 1s inert to the printing process condi-
tions. The outer shroud may act to limait the area to which the
slurry 1s applied. Applications for simultaneous delivery and
removal can include times where a part 1s too large to fit in
a build chamber. The simultaneous delivery and removal of
the slurry may be modulated to leave behind some slurry,
¢.g., to act as a protective layer or for fimishing. The
simultaneous delivery and removal of the slurry may be used
to rapidly cool a substrate, e.g., to produce substrates
including bulk metal glasses. Alternatively or i addition, a
lumen may be configured to deliver a gas flow to the
deposition point, as shown 1n FIG. 18 and FIG. 21. Deliv-
ering a gas flow can create a gap between the energy source
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and the slurry and/or substrate. The gap formed by the gas
flow may be advantageous for certain energy sources, €.g.,
optical or electrode energy sources. The gap may also act to
reduce Iriction between the energy source and the substrate
and/or slurry (e.g., an air gap). The gas flow may protect the
weld pool, e.g., by creating an 1nert atmosphere around 1t, or
by providing, e.g., thermal, electric, 1onic, or capacitive
isolation. The gas flow may also act to cool the substrate
(e.g., Tor printing bulk metal glasses). In some embodiments,
the gas 1s provided by vapors produced by the printing
process and the lumen 1s configured to capture a portion of
the vapors. Printers may further include reservoirs to store
unused or waste slurry and pumps to introduce or remove
slurry and/or agitators or mixers to prevent settling of
particles. Nozzles and semi1 permeable boundary diffusers
may act as agitators to maintain a homogeneous fluidized
state, 1 needed. The carrier fluid and particles 1n a slurry
may be stored 1n separate reservoirs and may be mixed prior
to or upon introduction into the build chamber. The various
components of a printer may be disposed in a housing or
framework. The printer may also include environmental
controls, e.g., to control the temperature, humidity, and/or
pressure 1n the build chamber or elsewhere 1n the printer.
Printers may further include or be connectable to one or
more computers or other controllers to control the deposition
process (including energy deposition and relative position-
ing of the energy source and base or object being printed);
introduce, remove, or agitate/mix the slurry; and environ-
mental or other process controls. A connection to a computer
may be wired or wireless. Components to clean a finished
printed object may also be included, e.g., mlets or jets for
rinsing fluid (e.g., water), a tumbler, a blaster (e.g., with fine
particles like sand or ceramics), or a source of heat or gas for
evaporation.

The printing may be controlled manually, e.g., for repair
ol objects, or be automated, ¢.g., by provision of an appro-
priate computer {ile. An exemplary process flow 1s shown in
FIG. 5. Printing may be employed to build an object from
scratch (FIG. 6) or to repair or add to an existing object (FIG.
7).

The components of a printer may be implemented as a
single device or as a system of distinct, but operably
connected, devices. Systems may also 1nclude the slurry or
object being printed.

The reservoir for the slurry would have the ability to store
the slurry at a desired temperature, e.g., to solidily or liquily
the slurry or to provide the desired viscosity. The reservoir
may make use of positive pressure displacement, whereby a
gas under pressure 1s used as a means of pumping the tluid
to and from the build chamber, eliminating the need for
mechanical interaction with the slurry when pumping. The
build chamber and reservoir may be configured so that when
slurry 1s required that positive displacement by means of
supplementary gas pressure allows for the slurry to be
pumped to the chamber, and by regulation of gas pressure
and making use of gravitational force, the slurry can be
drained or set to a desired level within the build chamber.

A printer may have more than one energy source, e.g.,
independently controlled from one another, allowing for
higher process speeds and or process detail. Likewise, a
printer may make use of multiple energy delivery types at
the same time for desired eflect.

A slurry filtration device may be used to filter out unde-
sired elements or contaminants from the carrier fluid. Thas
device could be active or passive 1n nature. Filtration could
also be achieved by adding desired additives to the carrier
fluid rendering contaminants inert to the process.
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A printer may include a continuously movable base (e.g.,
a conveyor belt or rotating disc) as shown in FIG. 15. A
continuously movable base may be used to, e.g., produce
substrates or parts of extreme length. Slurry may be pro-
vided as a cascade or other kind continuous tlow from, e.g.,
a chute or nozzle. The printer may additionally feature a
system to collect and recycle the unused slurry.

A printer may include a movable bath that includes the
energy source, e.g., to allow a shallow pool of slurry to be
used, as shown 1n FIG. 17. The bath and substrate may be
moved mdependently, and additional layers are deposited as
the bath and substrate are moved apart. The bath may
include energy sources including a dot-matrix of light
sources.

Printers using gas fluidization or using gas for other
means (e.g., to create a cavity) may include systems to
recover and recycle the gas. Gas recovery and recycling
systems may include a gas purification system to remove
oxygen and/or water. A gas purification system may include
a compressor coupled to a filter containing media that react
or otherwise sequester water and oxygen, or other unwanted
gases or aerosols.

Printers of the invention may be particularly amenable to
direct printing.

Printers of the invention may be particularly amenable for
the extraction of minerals from raw materials. For example,
where the slurry includes, e.g., regolith or waste mine
tailings, various energy sources of the invention (e.g., elec-
trodes, ultrasonic energy sources, direct thermal heating,
ctc.) may be used to extract (e.g., deposit, e.g., print) metals
from, e.g., metal oxide particles in the slurry (e.g., by metal
oxide electrolysis). Printers of the invention may be used to
directly print an object from such raw matenals. Printers of
the mnvention may be used to print 1n remote environments,
¢.g., on interplanetary bodies.

Energy Sources

Any suitable energy source may be employed in a printer
of the invention. Examples of energy sources include elec-
trodes (e.g., electrochemical electrodes, e.g., cathode, anode,
or AC configurations), single arc electrodes (e.g., cathode,
anode, or AC configurations); plasma sources; multiple arc
clectrodes (e.g., electrode matrix with either cathode, anode,
or AC configurations); fissile or radioactive energy source;
a particle beam source; a microwave source; a resistive
heating source; kinetic energy source; Iriction sources;
single light sources (e.g., UV to far IR spectrum); multiple
light sources; RF (Radio Frequency) sources; acoustic or
ultrasonic sources (e.g., suitable for welding and/or propul-
sion); direct heat sources (e.g., a heating element), magnetic
energy sources (e.g., induction heaters), and combinations
thereol. High power (e.g., having an efliciency of at least 40
Im/W) light emitting diodes (LEDs) may also be used as the
energy source. High power LEDs may be directly embedded
in the printing head. The energy source may be an 1onizing
(c.g., a proton, neutron, electron, X-ray source) or non-
ionizing (e.g., microwave) radiation source. A radiation
energy source may include a shutter that responds to an
external stimulus (e.g., heat). An energy source may be a
fissile or radioactive energy source. A fissile or radioactive
energy source may include a micro fission reactor (e.g., an
alpha- or betavoltaic cell, or a mimaturized nuclear fission
reactor). A fissile or radioactive energy source (€.g., a micro
fission reactor) may provide energy in the form of heat or
direct radiation of, e.g., charged particles (e.g., electrons or
protons). A fissile or radioactive energy source (e.g., a micro
fission reactor) may 1nclude a fissile material modulated by
control rods within the deposition point of an energy source,
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¢.g., a high heat resistant “pen” which can transter heat to the
slurry. A fissile or radioactive energy source (e.g., a miCro
fission reactor) may also provide energy to other compo-
nents of the printer, ¢.g., to other energy sources or motion
systems. In some embodiments, particles, e.g., charged
particles, emitted by a fissile material or other source may be
directed (e.g., an electron or proton beam), e.g., by magnetic
fields, to the slurry, base, or substrate to induce deposition,
e.g., by melting. Emitted particles may cause particles or a
solute to deposit from the slurry by, e.g., radiolysis (e.g., by
initiating a precipitate-forming chemical reaction), agglom-
cration (e.g., by imparting charge to a particle which attracts
other particles), transfer of heat (e.g., kinetic) energy, etc. In
resistive heating, particles with electrically conductive prop-
erties may heat up and melt due to the current passing
through the particles. Alternatively, through resistive heating
and direct contact, a weld pool can be created and “pulled”
into a desired direction. Switching and controlling the
energy source will allow for control and switching of the
weld pool. In the event that a nonconductive printing particle
1s used, a carrier fluid can be used that provides the desired
conductivity 1n the space between the substrate and energy
delivery end where either a particle 1s to be fused or a weld
pool 1s to be created. A kinetic energy source can be used
whereby a particulate 1s physically driven 1nto the substrate
by means of a “hammer” action. Alternatively, the kinetic
energy can be applied indirectly for example as pressurizing
the slurry through a nozzle or accelerating the particulate
through means of magnetic force, plasma, or photonic
propulsion. A friction source may be employed whereby the
gap between the energy delivery system and the substrate
can be set such that, when the energy delivery system moves
within the slurry, the particulate would grind and interact in
such a way that friction forces would melt or deposit the
printing media onto the substrate. An electrochemical power
source could be used where electric charge 1s used to create
precipitate out of a slurry and selectively deposit this onto a
substrate. In some embodiments, the electrochemical power
source may induce metal 1ons, e.g., from the energy source,
to electroplate the substrate, ¢.g., by altering the electric field
between the energy source and substrate or the surface
charge density of the substrate. Particles and solutes in the
slurry may then be deposited on the electroplated layer.
Mixture, processes, and materials suitable for deposition by
clectroplating as described herein are discussed 1n
US20190048486 Al, which are hereby incorporated by
reference. In some embodiments, the energy source may
feature two electrodes, where a second electrode acts to steer
or direct deposition by altering the electric field or current
density between a first electrode and the substrate, as shown
in FIG. 16. A second electrode may also act as a source or
sink of 1ons to balance the electrochemical reactions of
deposition, e.g., a sacrificial anode or cathode. Multiple
sacrificial electrodes may be included, e.g., to switch
between deposition different 10ns from solution by switching
between electrodes made of different metals. An organic
stimuli energy source, such as a hormone/enzyme coated tip
that stimulates biological matter 1n a slurry, allowing the
matter to congeal, grow, or deposit out of solution. In some
embodiments, the energy source may stimulate biological
cell growth by inducing selective scarring or fibrosis of
tissue. A catalytic energy source may be employed where a
catalyst 1s selectively exposed to the slurry, allowing for a
chemical reaction to occur at the area of exposure resulting
in deposition or precipitation of a compound or element. The
catalytic interaction could take place near the substrate so as
to deposit the intended compound or element onto the
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substrate. An osmosis energy source may be emploved
whereby a selectively permeable membrane 1s used to
locally 1interact with a slurry of a desired composition,
leaving a precipitate behind. Where the energy source
includes a magnetic energy source, the magnetic energy
source may be used to direct particles to the substrate. An arc
clectrode energy source can be used to create a large gap
weld pool by modulating current and voltage when the
slurry contains conductive particles (see, e.g., FIG. 13) 1 a
dielectric liquid. The arc electrode may be used nitially to
gather or align conductive particles to create a conductive
path (e.g., less than 1 K€2 at 1 inch separation and about 300
V). By this method, arc welding can be carried out at
voltages considerably lower than the voltage required to
create a conductive path 1 air (about 76,000 V), for
example, about 300 V. A large gap weld pool may be
advantages for producing parts or features of parts that are
narrow and or long, ¢.g., low aspect ratio features.

An energy source may be placed in a tool holder, e.g.,
with between 2 and 6 degrees of freedom (translation and
rotation). Energy sources may also include a lumen for local
delivery of the slurry to the point of deposition. The lumen
may feature various sizes and shapes of nozzle or may be
shapeable. In some embodiments, the nozzle may be shaped
during printing, e.g., to create different sized or shaped
features on the substrate. The energy source may be multiple
energy source that can be switched during printing.

In embodiments, the weld pool can be manipulated by
being pulled or pushed by relative movement of the energy
source (or probe positionable to contact the weld pool) and
the base or object coupled to the base (e.g., the substrate). In
these embodiments, the weld pool may be in contact with the
output point of the energy source or a probe, e.g., metal rod,
that 1s coupled to the energy source or independently mov-
able. An independently movable probe may be positioned
near the output of the energy source so that 1t 1s manipulating,
molten material. In one example, an energy source may
include a tip with particular properties (e.g., surface energy,
shape, etc.) to optimize surface interaction with a particular
weld pool for a particular print. An example of an energy
source capable of manipulating a weld pool 1s shown 1n FIG.
8. The energy source provides high efliciency laser direct
contact delivery. The energy source forms a weld pool by
sandwiching a particle slurry between the laser delivery and
substrate. Energy 1s applied, and the weld pool meniscus 1s
allowed to adhere to the optical tube eliminating the need for
a focal plane and the 1ssues that come with trying to maintain
a fixed focal plane. Energy reflections are maintained in the
optical tube and not allowed to retlect ofl the weld pool, thus
improving the efliciency of the laser, e.g., through limiting
scattered light. The optical tube and support may be
designed to interact with the surface tension of the weld
pool, allowing the migration of the weld pool by “pulling”
it into a desired direction. Moving into any new direction
will cause solidification of some of the weld pool as it
interacts with a cold surface, resulting 1n “necking” of the
weld pool. This necking and new gap formation will allow
the slurry, with suspended particles to enter the void, allow-
ing more particles to interact with the weld pool, adding to
the weld pool mass. The process 1s repeated 1n continuous or
voxel form, while moving the energy source and switching,
the laser source, until a desired near net shape 1s formed. An
optical wedge or back reflection system may be utilized to
divert any energy not absorbed by the weld pool and 1n
doing so also prevent damage to the laser source. Control
and momitoring equipment may be used to ensure that the
desired energy 1s being applied.

10

15

20

25

30

35

40

45

50

55

60

65

14

The energy source may be coupled to a self-locating
feature, e.g., by pneumatic, spring or magnetic coupling
(F1G. 9). This feature allows for decoupling and recoupling
of the energy source 1n the situation where the energy source
collides with the workpiece or build chamber. This feature
will then ensure repeatable positioning once the force
applied by the collision 1s removed. This has the ability to
deliberately locate edges 1n this fashion.

Due to the scalable nature of the technology and the media
used, the process allows for low power consumption in the
range ol 0.1-100 watts, or, for energy intensive process as
result of material volumes/properties being processed,
power may be 1n the order of 100 watts to megawatts.

Acoustic or ultrasound energy sources may be used to
deposit materials (e.g., sources as described 1n
US20180178314). In some embodiments, the acoustic or
ultrasonic energy source may include an acoustic resonator
which allows the energy source to create and deposit drop-
lets of, e.g., molten metal of specific sizes. Methods and
materials suitable for slurry printing using an acoustic or
ultrasonic energy source as described herein are discussed
in, ¢.g., Forest1 Science advances 4.8 (2018): eaat1659. The
omnipresent slurry negates the need to feed material into the
deposition area. An acoustic or ultrasonic energy source may
include a transducer. A transducer may be used to generate
appropriate frequencies and amplitudes of ultrasonic energy
for a particular printing application, slurry, or substrate. An
ultrasonic energy source may be used to fuse materials
below their melting temperature or without heating a large
portion of the slurry. An acoustic or ultrasonic energy source
may 1include, e.g., a transducer, a converter, a booster, a
sonotrode (e.g., a stack of piezoelectric transducers coupled
to a tapering metal rod), etc. An ultrasonic energy source
may include a resonator and an acoustic force focusing
component (e.g., at the deposition point). Printers and meth-
ods of the invention may use resonators and acoustic force
focusing components that are smaller than would be oper-
able 1n laminate-based acoustic or ultrasonic printing sys-
tems, allowing higher resolution and lower compression
forces. An acoustic or ultrasonic energy source may transier
energy via Iriction (e.g., FIG. 22). The acoustic force focus-
ing component may be textured, e.g., to increase friction. An
acoustic or ultrasonic energy source may include multiple
resonators and acoustic force focusing components config-
ured to move independently or in a matrix. An acoustic or
ultrasonic energy source may include multiple acoustic force
focusing components of variable size and shape which may
be switchable during printing, e.g., to print features of
different resolution. An acoustic or ultrasonic energy source
may direct energy to the slurry in more than one degree of
freedom at a time, e.g., two, three, four, five, or six degrees
of freedom (see, e.g., FIG. 22). An ultrasonic energy source
may be used to de-gas a slurry prior to, or during, printing,
¢.g., to remove oxygen from an oxygen-sensitive substrate
or slurry. Ultrasonic de-gassing may be used during printing
using other energy sources. An acoustic or ultrasonic energy
source may induce deposition by vibratory compacting, €.g.,
by driving fluud away from particles and/or fusing them
together. Acoustic or ultrasonic energy sources of the imnven-
tion may be used from printing in microgravity or low
gravity environments.

The energy source may also be used to remove particles
or a solute deposited during printing, 1.e., 1 situ subtractive
printing, e.g., to add detail or fine resolution to a part.
Subtractive printing may be achieved using, e.g., discharge
machining, milling, and laser milling. After printing, a part
may be finished by abrasive and/or electrochemaical polish-
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ing or surface conditioning in the printer, e.g., by the energy
source. Finishing may be achieved in the presence of the
slurry, or after draining the slurry. Abrasives may be added
to the slurry to aid in abrasive polishing or conditioning. A
printer of the invention may include a separate energy source
for subtractive printing.

An energy source may include a deposition point con-
taining a seeding sample, e.g., a seed crystal, or alloy
matching the alloy to be printed (see, e.g., FIG. 19). Includ-
ing a seeding sample may promote favorable materials
properties 1n the deposited material (e.g., melting point,
hardness, etc.), or improve properties of the printing process
(c.g., deposition rate, or temperature). A seeding sample,
¢.g., a monolithic seed crystal may, e.g., atlord a desired
crystal structure 1n the part. Alternatively, the energy source
may include a deposition point containing a material that 1s
dissimilar to the slurry and/or substrate. The dissimilar
material may be an electrode, or a cover or shroud around
the energy source.

The dissimilar material may have, e.g., diflerent electri-
cal, electrochemical, or thermal properties. A dissimilar
material may be favorable for, e.g., localization of deposited
material, or weld pool shaping.

Energy sources amenable to low temperature fusion of
materials (e.g., acoustic or ultrasonic energy sources, elec-
trodes, etc.) may be particularly amenable for printing bulk
metal glasses.

Slurries

Particles or a solute 1n the slurry may include any print-
able material, e.g., metals, polymers, and other compounds.
The present mvention also allows the printing of other
materials to an object, e€.g., explosives or 1sotopes. Materials
may be macroparticles (dimensions greater than 1 mm),
microparticles (dimensions between 1 mm and 1 um), or
nanoparticles (dimensions below 1 um). Such materials may
also be dissolved 1n the carrier fluid, e.g., to remain 1n an
ionic state until taken out of solution through electrochemi-
cal interaction or perturbed out of solution by an applicable
energy source. Examples include titanium, titanium alloys,
aluminum, aluminum alloys, steel/stainless steel, nickel,
nickel alloys (e.g., inconel or Mar-M), platinum, polymers,
and glasses. Cells and other biological matenals, e.g., pro-
teins, polypeptides, carbohydrates, or polynucleotides, may
also be used as the printing medium. The amount of particles
or solute 1n the slurry 1s a function of the desired charac-
teristics. The slurry may include any 3D printing 1nk known
in the art. A 3D printing ink may include a mixture of
dissolved or suspended solutes or particles disposed to come
out of suspension or solution (e.g., change 1onic state) 1n
response to stimuli from the energy source to produce a
discrete deposit. Particles or a solute may include bulk metal
glass alloys (e.g., Zr—Al—N1—Cu, T1,,Cu,Pd, ., 7Zr,,, or
Mg..Zn,-Ca.) or precursors for their formation.

The carrier fluid may be liquid or gas and may have a
density and/viscosity to allow suspension or settling of
particles as desired. Examples of carrier fluids include
molten salts (such as magnestum chloride, lithium chloride,
potassium fluoride), molten metals, pressurized gas (e.g.,
argon, helium, or nmitrogen), silicone or mineral oil, poly-
mers, organic solvents, 1onic liquids, or morganic solvents
(e.g., water). When the carrier fluid 1s water, 1t may be with
or without 1onic species (e.g., dissolved acid or base, organic
or inorganic salts, etc.). When the water contains 1onic
species, the 1onic species may be selected to afford a
particular 1onic balance (e.g., a particular pH, 10onic strength,
conductivity, etc.). The carrier fluid may be deionized water.
The carnier fluid may be deionized water containing non-
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ionic solutes. Biocompatible fluids that support or promote
cell growth can be used as a carrier fluid. The carrier fluid
may also act as a process shielding mechanism and/or
process purification mechanism. Carrier fluids may be
cooled to allow for rapid cooling of the substrate, e.g., to
produce substrates including bulk metal glasses. Carrier
fluids for rapid cooling may be cryogenic or have high
thermal conductivity. Carrier tluids may include additives to
allow them to be further cooled (e.g., glycol).

Additives may be added to the carnier fluid to provide a
slurry with desired electrical and/or thermal conductivity,
desired kinematic viscosity, and desired melting mechanics,
e.g., speed of sound eflects or weld pool viscosity/stability.
Additives may also create desired cavitation or suppress
cavitation in the carrier fluid. In some embodiments, the
slurry contains both particles and solutes, and the solutes are
deposited by the energy source. For example, a slurry can
contain a curable resin and a particulate material that 1s
insoluble 1n the resin, e.g., titanium powder 1n a UV-curable
resin. A slurry may include a precursor disposed to precipi-
tate 1n response to a first stimulus from the energy source,
creating particles 1in suspension, which can then be deposited
in response to a second stimulus. Additives (e.g., dopants or
catalysts) may be provided to the slurry during deposition to
alter the thermodynamics of the deposition process at a
desired point in the printing, e.g., adding transition metal
catalysts (e.g., platinum, palladium, nickel, etc.). Another
example may involve using additives that react together
exothermically (e.g., oxide/nitride formations) to provide
additional thermal energy to the surrounding slurry.

A slurry may include mixtures that contain dissimilar
consolidation materials from other complex mixtures, that
allow the consolidation of a desired slurry at a desired
location. In some embodiments, consolidation may result 1n
the deliberate entrapment of a first mixture 1n a consolidated
matrix (e.g., a deposited solid or a precipitate) made of
different material/or diflerent mixture of materials. Slurries
including mixtures containing different materials may be
used to produce seli-healing maternials, e.g., where the
healing material(s) (e.g., materials that react to change
composition 1n response to an external stimuli) are encap-
sulated 1n a parent material in a different state. In embodi-
ments for bio printing, consolidated slurries including, e.g.,
hydrogels, scatlolding maternials, and cells may be formed.
The cells being entrapped 1n a matrix of scaflolding mate-
rials during printing. Other embodiments include, but are not
limited to, ceramics or metals trapped in resins or binding
agents, or the reverse. During submerged slurry printing of
the slurries including a mixture and a binding agent, the
binding agent hardens or comes out of suspension/solution
by selective deposition using an energy source specific to the
binding agent. Depending on the application, the resin or
binding agent could be left 1n place or undergo post pro-
cessing to remove the binding agent, e.g., as in the case of
green parts made during binder jet printing. A slurry may be
a liquid-like solid emulsion, e.g., an emulsion glass (see,
e.g., Hu, Ssu-Wei, et al., ACS Appl. Mater. Interfaces 2020,
12, 21, 24450-24457).

A stirring paddle or turbine may be used to test the
consistency of the slurry by means of viscosity resistance.
Other industrial standard methods exist and may be 1mple-
mented to measure the slurry consistency, e.g., to idicate
when 1t 1s suitable for use. A stirring device may also ensure
desired mixing of the slurry should 1t be needed.

Slurries may include raw materials or waste products of
industry, e.g., regolith, interplanetary dust, mining waste,
slag, mineral deposits, waste mine tailings, etc.
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Submerged Slurry Printing,

In submerged slurry printing, voxels of matenal are
selectively added to an object (FIG. 10). Particles or a solute
are delivered to the area of mtended deposition by a ubig-
uitous slurry. The energy source moves 1n the slurry and can
be oriented 1 any required orientation (either alone or in
combination with movement of the base). In this embodi-
ment, printing may occur on any face of the object.

In another embodiment, pressurized gas 1s used to fluidize
a bulk medium containing particles (FIG. 11). In the absence
of the gas, the bulk medium would prohibit the free move-
ment of the energy source in the bulk. Use of pressurized gas
allows for free motion between particles allowing the bulk
mass to act as a fluid, in which the energy source can be
moved. An advantage of this process 1s that 1t allows for
continuous printing, where conventional processes can only
be performed 1n a layer by layer method. This process thus
combines a level of detail provided by powder bed or
selective laser sintering with the speed of direct energy
deposition 3D printing methods. In another embodiment that
can be applied to submerged slurry printing, the slurry can
contain glass particles and a UV-curable resin (see, e.g., FIG.
20). The pressurized gas may be chilled to allow for rapid

cooling of the printed substrate (e.g., to produce substrates
including bulk metal glasses).

Slurry Printing at a Boundary Layer

In this embodiment, particles 1n the slurry settle and form
a defined boundary (FIG. 12). Conventional powder bed
fusion systems require a leveling device, which i1s prone to
tailure, and does not provide fully repeatable results. In this
embodiment, the object 1s created by adding one layer at a
time and selectively fusing the particles to the consolidated
mass to form a 3D object.

A profound advantage of using a slurry 1s that the process
1s 1n situ able to seli-level and repair defects 1n the boundary
separation layer. The boundary separation layer can be tuned
during use so that the process has the desired layer thickness,
allowing much faster print times than a conventional 3D
powder bed fusion system. Another advantage 1s reduced
energy interaction pressure waves, which disturb a powder
layer due to rapid gas expansion at the energy interface,
whereas 1n a slurry there 1s no gas, mitigating this process
flaw.

The i1nvention also allows for true hollow and sealed
structures to be formed while having the walls of the objects
made to any desired thickness. This outcome 1s achieved by
printing an object with an inverted concave void, lowering

both the fluid and boundary level, 1.e. temporarily draiming,
the slurry, draining any material from this void. Once the
material has been drained, the slurry will be reintroduced to
the level of the opening, allowing the energy delivery system

to “cap” the void and leaving nothing but air (or another
fluid, e.g., another gas) in the enclosed space. This method
of printing 1s not possible 1n most 3D printing technologies,
as special design consideration needs to be taken so as to

ensure enclosed voids could be drained of powders or
support structures.

In some embodiments, a part produced by any device,
system or method of the mvention may be made partially
sintered, e.g., by modulating the energy source to limait
fusion between adjacent particles. After draining the slurry,
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a partially sintered part may be sintered by any means
known 1n the art to increase 1ts theoretical density.

Other embodiments are in the claims.

The mvention claimed 1s:

1. A device for printing comprising;:

a) a build chamber capable of holding a slurry;

b) an energy source; and

C) a base,

wherein the energy source 1s coupled to a motion system
to allow relative movement between the energy source
and the base; wheremn during a printing process the
energy source 1s configured to be submerged within the
slurry and positioned at a desired location away from
the base or an object coupled to the base; wherein the
motion system allows for the energy source to be
ortented with at least 3 degrees of freedom; wherein
during the printing process the energy source 1s con-
figured to form 1n a large gap a weld pool or sintered
particles from particles 1n the slurry, and wherein
during the printing process the motion system allows
for relative movement of the energy source or base to
shape the weld pool or sintered particles.

2. The device of claim 1, wherein the energy source
comprises an electrode; a plasma source; a resistive heating
source; a light source; an ultrasonic source; or a combination
thereof.

3. The device of claim 2, wherein the light source com-
prises a UV light and/or one or more LEDs, wherein each of
the one or more LEDs has an efliciency of at least 40 Im/W;
or

wherein the electrode comprises an arc electrode.

4. The device of claim 1, wherein the slurry comprises a
carrier fluid that 1s a liquid or gas; or

wherein the slurry comprises a liquid-like solid emulsion.

5. The device of claim 1, further comprising a reservoir
for storing the slurry outside of the build chamber;

an agitator or mixer operably connected to the build
chamber:

a temperature, pressure, or humidity controller operably
connected to the build chamber; or one or more addi-
tional energy sources, wherein the energy source and
the one or more additional energy sources are config-
ured to be switched with each other during the printing
process.

6. The device of claim 1, (1) wherein the energy source
comprises a deposition point and a lumen disposed to deliver
the slurry to the deposition point;

(11) wherein the energy source comprises a laser and an
optical tube, wherein light from the laser exits via the
optical tube and melts the particles in the slurry to
provide 1n the large gap the weld pool; or

(111) wherein the slurry comprises conductive particles in
a dielectric liquid.

7. The device of claim 6,

wherein for (1) the lumen 1s configured to be re-sizeable
or replaceable during the printing process.

8. The device of claim 1, wherein the build chamber
comprises a movable bath for the slurry and the energy
source, wherein the base 1s held above the bath, and the bath
and base are movable relative to each other.

9. A method for printing comprising:

a) providing a device according to claim 1, and the slurry
comprising the particles disposed 1n the build chamber
so that the energy source 1s located 1n the slurry;

b) positioning the energy source relative to the base or the
object coupled to the base at the desired location 1n the
build chamber; and
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¢) actuating the energy source to form in the large gap the
weld pool or sintered particles that 1s/are shaped on the
base or the object coupled to the base to produce a
printed object.

10. The method of claim 9, wherein the particles are
evenly suspended in the slurry;

wherein the slurry contains particles that settle within the

slurry to create a boundary layer within the slurry;
herein the slurry comprises a liquid-like solid emulsion;
herein the particles comprise metal, polymer, or glass;
herein the slurry comprises mineral ore, interplanetary
dust, regolith, mining tailings, and/or slag;

wherein the slurry comprises two or more materials that

fuse; or

wherein the slurry comprises conductive particles i a

dielectric liquad.

11. The method of claim 1, wherein actuating the energy
source 1n step (¢) occurs at a voltage msuilicient for break-
down of the dielectric liquid 1n the absence of the conductive
particles.

12. The method of claim 9, wherein the energy source
comprises an electrode; a plasma source; a resistive heating
source; a light source; an ultrasonic source; or a combination

thereol.

13. The method of claim 12, wherein the light source
comprises a UV light and/or one or more LEDs, wherein
cach of the one or more LEDs has an efliciency of at least
40 Im/W; or

wherein the electrode comprises an arc electrode.

14. The method of claim 9, (1) wherein the energy source
comprises a deposition point and a lumen disposed to deliver
the slurry to the deposition point;
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(11) wherein the energy source comprises a laser and an
optical tube, wherein light from the laser exits via the
optical tube and melts the particles in the slurry to
provide 1n the large gap the weld pool; or

(111) wherein the slurry comprises conductive particles in
a dielectric liquid.

15. The method of claim 14,

wherein for (1) the lumen 1s re-sizeable or replaceable
during the printing process;

wherein for (1) the energy source can be switched with an
additional energy source during the printing process.

16. The method of claim 9, further comprising:

d) removing the slurry from the build chamber; and

¢) sintering the printed object or using the energy source
or a second energy source to remove deposited particles
from the printed object; or

d) polishing the printed object.

17. The method of claim 16, wherein the polishing

>0 comprises adding an abrasive to the slurry or using the

25

energy source.
18. The method of claim 9, wherein
step (¢) comprises providing additives to the slurry during
deposition;
in step (¢) the energy source causes particles to melt or
sinter by resistive heating; or

wherein step (¢) comprises melting particles 1n the slurry
with the energy source to form in the large gap the weld
pool and manipulating the weld pool.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : 12,172,373 B2 Page 1 of 1
APPLICATION NO. 0 17/292313

DATED : December 24, 2024

INVENTOR(S) : Steven Lubbe

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims
Column 18, Claim 3, Line 29, replace “40 Im/W?” with --40 Im/W--.

Column 19, Claim 11, Line 16, replace “The method of claim 17 with --The method of claim 10--.

Column 19, Claim 13, Line 27, replace “40 Im/W” with --40 Im/W--.

Signed and Sealed this
Thirteenth Day of May, 2025

Coke Morgan Stewart
Acting Director of the United States Patent and Trademark Office
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